We have screened a bank of 2000 E. coli strains carrying hybrid ColEl plasmids [Clarke, L. & Carbon, J. (1976) Cell 9, [91][92][93][94][95][96][97][98][99] for those that correct the temperature sensitivity of a mutant in CDP-1,2-diacyl-sn-glycerol:L-serine O-phosphatidyltransferase (EC 2.7.8.8, phosphatidylserine synthase). Two hybrid plasmids of this kind (pLC3444 and pLC3446) were identified and characterized. Strains carrying these plasmids overproduce the synthase by 6-to 15-fold, as demonstrated by assays of extracts and purification to homogeneity of the overproduced enzyme. The overproduced synthase, like the wildtype enzyme, is found associated predominately with the ribosomal fraction of crude cell extracts. Because the membrane phospholipid composition of these overproducers is not greatly altered, we suggest that the synthase is normally present in excess.
Enzymes of membrane phospholipid synthesis (see Fig. 1 ). like other constitutive enzymes, are present in small amounts in Escherichia coli (less than 0.1% of the protein) (1) (2) (3) (4) (5) . Changes in growth conditions do not alter their specific activities, and no one has described methods for their overproduction. Although the phosphatidylserine decarboxylase (EC 4.1.1.65) (1), CDP-1,2-diacyl-sn-glycerol:L-serine O-phosphatidyltransferase (EC 2.7.8.8, phosphatidylserine synthase) (3), and CDP-1,2-diacyl-sn-glycerol:sn-glycero-3-P phosphatidyltransferase (EC 2.7.8.5, phosphatidylglycero-P synthase) (2) have been obtained in near homogeneous forms, the hydrophobic character and low levels of these enzymes have rendered their purification to homogeneity in large quantities exceptionally difficult. Consequently, the chemistry, regulation, and orientation of these and other phospholipid biosynthetic enzymes in biological membranes remain essentially unknown.
Molecular cloning permits the construction of strains carrying multiple copies of specific genes or gene clusters (6) (7) (8) . Clarke and Carbon (9) have prepared a collection of 2000 E. coli strains, each carrying a distinct hybrid ColE1 plasmid into which a fragment of E. coli chromosomal DNA has been inserted. The hybrid plasmids (with their inserted DNA) are maintained at 10-20 copies per chromosome, and the average molecular weight of the inserted fragment is 8 X 106 (1/4 min on the linkage map). Because the fragments were generated by random shearing of the chromosomal DNA, the collection should contain hybrid plasmids representing most of the E. coli genome (9) . In the present work we have identified two hybrid plasmids in the collection that carry the gene for phosphatidylserine synthase, a key enzyme in the biogenesis of membrane phosphoglycerides (Fig. 1, reaction 3 ). Strains carrying these plasmids overproduce the synthase by as much as 15- (12) . Assay conditions for phosphatidylserine (12) and phosphatidylglycero-P (12) synthases were the same as previously described, except the final DL-serine concentration in the case of the former enzyme was 2 mM. For both enzymes a unit is defined as the amount of enzyme that synthesizes 1 nmol of product per min at 370 unless stated otherwise.
The subcellular distribution of phosphatidylserine synthase in extracts prepared by passage through a French pressure cell was determined by sucrose gradient sedimentation (15) . The phospholipid composition was determined by long-term labeling with 32p;, followed by thin-layer chromatography (13) .
Preparation of Colicin El. Crude colicin was made by growing JF390 (16) transferred to A324 (F-pss + proC lad strA) in order to eliminate the recA mutation present in the MV12 background. Strain A324 was cross-streaked with MV12/pLC34-44 on a plate of LB agar; after 4 hr to allow mating, colonies resistant to both colicin El and streptomycin sulfate were selected by streaking a small portion of the mating mixture onto an appropriate LB plate. The resulting strain (RA324) had the genetic markers of A324; it was used for large scale purification because the specific activity of the phosphatidylserine synthase was somewhat higher in this strain than in MV12/pLC34-44.
Purification to Homogeneity of Phosphatidylserine Synthase. For large-scale growth of RA324 (14-100 liters) a 6% inoculum was grown overnight to stationary phase in the presence of 10% (vol/vol) crude colicin El; no additional colicin was present during the large-scale growth. A324 was grown in an identical manner in the absence of colicin. All glassware and fermentation equipment were sterilized before and after use. The synthase was extracted from cells (late logarithmic phase) of either A324 or RA324 and purified by a procedure scaled down from that previously described for frozen cells of E. coli B (3), except that only one phosphocellulose column was required.
RESULTS
Identification of Hybrid ColEl Plasmids Carrying the pss+ Gene. Amongst the 2000 strains of the collection we found two hybrid ColEl plasmids that restore near-normal growth to RA80 at 44°. These plasmids (pLC34-44 and pLC34-46) do not correct temperature sensitivities resulting from mutations in distant chromosomal genes, such as dnaB, dnaC, dnaZ, and dnaE (10) . Furthermore, these plasmids do not carry tyrA+ (52% cotransducible with pss-8) or purI+ (9% cotransducible with pss-8), as judged by their inability to correct mutations at these loci. However, both plasmids carry nadB+ (33% cotransducible with pss-8) (13), because they render nadB7 mutants prototrophic. The gene order (13) in the vicinity of pss+ is purI, nadB, pss, tyrA (clockwise direction). Our data demonstrate that the host DNA inserted into both of these plasmids carries the nadB-pss interval (about '7 min), in good agreement with the average molecular weight (8 X 106) of the sheared, inserted DNAs used to construct the hybrid plasmids (9) . The activity in parentheses was determined at 370 as described for assays of small cultures ( Table 2 ). For the actual purification of the synthase, the enzymatic activity was determined at 300 under the conditions described by Larson and Dowhan (3) . All assays of the homogeneous enzyme must be carried out at 30°because of the apparent instability of the homogeneous enzyme at 37°. When dilutions of the enzyme were required prior to assay, 0.1 M potassium phosphate (pH 7.2) containing bovine serum albumin at 0.5 mg/ml and 0.1% (wt/vol) Triton X-100 was used. § Standard deviation of four determinations of the enzymatic activity.
other Gram-negative bacteria (A. Dutt and W. Dowhan, unpublished data), the enzyme is tightly bound to ribosomes in such extracts. It is not a major ribosomal protein, however, because there are only about 800 synthase molecules per cell as compared with 75,000 ribosomes (3). Although the significance of the ribosomal association of the synthase is unknown, it differs strikingly from all other enzymes of phospholipid biosynthesis, which are associated with the cytoplasmic membrane (20, 21) . Fig. 2 shows the subcellular distribution of the synthase in extracts of the overproducer MV12/pLC34-44. Most of the activity sediments with the major peak of absorbance near the middle of the gradient, previously demonstrated to represent ribosomes in wild-type strains (15) . This profile is very similar to that of wild-type strains (15) (3, 19) . The present studies strongly support the notion that the region around nadB contains the structural gene for the phosphatidylserine synthase. The finding that pLC34-44 and pLC34-46 carry nadB+ in addition to pss+ provides independent confirmation for the previous genetic mapping of We have attempted (but have not succeeded) to obtain even higher levels of the synthase by treating growing cultures of RA324 with mitomycin C, which greatly enhances colicin production in strains carrying the wild-type CoIEl plasmid (22) . It may be possible to isolate mutants of E. coli that maintain the hybrid plasmids at a higher number of copies per chromosome than normal. Alternatively, it may be possible to construct hybrid plasmids with the recently described mini-ColEl variant, which is maintained at 50 or more copies per host genome (23) .
Overproduction of constitutive protein gene products has recently been described in several other strains of the Clarke and Carbon collection (10, 11) . For instance, several factors involved in DNA replication (dnaB, dnaC, and dnaZ), which can be assayed by complementation in vitro, are also over- 4 5 6 7 GRADIENT VOLUME, ml Proc. Natl. Acad. Sci. USA 74 (1977) produced in strains carrying the appropriate hybrid plasmids (10, 11) . Furthermore, several hybrid plasmids have been found carrying genes for two other enzymes involved in phospholipid biosynthesis, and these are also presumably overproduced. § As yet, however, the purification to homogeneity of these factors has not been reported, so that the possibility of activation (rather than true overproduction) cannot be eliminated.
The ready availability of overproducers provides a new approach to the study of the regulation of this and other pathways. The relatively normal membrane lipid composition of RA324 and MV12/pLC34-44 suggests that the synthase polypeptide is normally present in excess; therefore, the regulation of the ratio of phosphatidylethanolamine to polyglycerophosphatides must involve other factors, such as the intracellular concentration of precursors or the accessibility of the enzyme to its membrane-bound substrate.
